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Using the Teapot Dome Field near 
Casper, Wyoming, US, as a test case, we 
demonstrate how high-resolution seismic 
surveys furnish a clearer picture of shal-
low reservoirs as well as the relationship 
between deep and shallow faults. The 
Upper Cretaceous Shannon Sandstone, 
the shallowest petroleum reservoir at Tea-
pot Dome (about 250 to 650 ft (76–198 
m)), can only be imaged properly with 
high-resolution seismic methods. We 
identify faults and deforma-
tion structures that penetrate 
and could potentially partition 
the Shannon reservoir. Integra-
tion of these results with infor-
mation from conventional 3D 
seismic and well-log data sug-
gests that at least some shallow 
faults have propagated from 
depth. Furthermore, high-
resolution imaging provides a 
means to better constrain the 
location of faults mapped from 
well logs. High-resolution im-
aging becomes critical in cases 
of shallow reservoirs where it 
is important to understand 
compartmentalization of pro-
duction, fluid communication 
between the deep and shallow 
reservoirs, or continuity of 
structures from depth into the 
shallow subsurface.

BACKGROUND
The resolving power of 3D 

seismic data depends on spatial 
sampling (e.g., the Common 
Depth-Point (CDP) footprint) 
and the frequency content 

of the seismic survey. These factors im-
pose resolution limits on the subsurface 
structures that can be imaged adequately. 
Typical 3D CDP bin sizes of 55–110 ft 
(17–34 m) may prevent coherent imag-
ing of shallow reservoirs and subtle de-
formation or stratigraphic features in the 
shallow subsurface. The Shannon Sand-
stone is one of the main hydrocarbon-
producing intervals at Teapot Dome, 
comprising about 50% of the total pro-

duction at Teapot Dome; however, infor-
mation on the structure of the Shannon 
reservoir has been limited to log correla-
tions from wells.

Teapot Dome is one of several base-
ment-involved Laramide anticlines1 in the 
Rocky Mountains that host hydrocarbon 
reservoirs in Wyoming with a well devel-
oped and studied fracture system, Fig 1.2 
The fold is associated with a west-south-
west-vergent thrust fault as inferred from 

3D seismic data, Fig. 2. Sev-
eral faults are exposed and have 
been mapped in outcrop, but 
their relation to deeper faults is 
undocumented, Fig. 3.2–4

Cooper et al. detailed two 
sets of faults at the Parkman 
Member of the Cretaceous 
Mesaverde Formation. The 
fault set that is most common 
along the eastern limb of the 
anticline consists of northwest- 
and southeast-dipping normal 
and normal-oblique faults that 
strike northeast with a right lat-
eral slip. The fault set that dom-
inates the southern hinge of 
the anticline consists of normal 
conjugate faults with northeast 
and southwest dips striking 
subparallel to the hinge of the 
fold.2 The faults on the eastern 
limb have offsets of up to 131 ft 
(40 m), which decreases to the 
southwest where small offsets of 
0–1 ft (0–30 cm) are observed.

METHODOLOGY
Although previous subsur-

face mapping at Teapot Dome 

High-resolution seismic mapping 
of a shallow petroleum reservoir
Conventional 3D coverage disappeared in shallow-depth imaging. 

High-resolution data was necessary to determine fault locations.
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Fig. 1. Location of basins and uplifts in eastern Wyoming, and 
Teapot Dome with respect to the Powder River Basin. Modified 
from Cooper et al.
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has produced seismic images of faults at 
deep hydrocarbon reservoir levels (Fig. 
3), the true upward vertical extent of 
these faults into shallow reservoirs can-
not be resolved using conventional seis-
mic data, as shown by comparing time 
slices at different levels, Fig. 4. This 
study tests the applicability of high-res-
olution P- and SH-wave (compressional 
and horizontally polarized, respectively) 
reflection data acquisition with a small 
CDP bin that can be integrated with 
conventional 3D seismic data and cor-
related well logs. Our target is a previ-
ously recognized near-surface fault zone 
in the interior of the oil field, centered 
on Section 34, Fig. 2. The behavior of a 
P-wave is controlled in part by the me-
dium bulk modulus, and thus affected 
by the presence of fluid, while the SH-
wave velocity is dependent on the den-
sity and shear modulus of the medium. 
The ability to resolve shallow subsurface 
structures in a medium using SH-waves 
is due to their slower travel time and 
shorter wavelength, which varies from 
one half to one third of the wavelength 
of P-waves.5

Two pairs of high-resolution 2D seis-
mic P-wave and SH-wave profiles were 
acquired within Section 34 of the Teapot 
Dome oil field: Profile 1 trends rough-

ly north-south, while Profile 2 trends 
northwest-southeast, Fig. 5. 2D profiles 
extracted from the 3D volume provide 
images of structures for depths corre-
sponding to 500-ms to 1,300-ms travel 
time, but structures are not resolvable at 
the shallowest producing (or Shannon) 
levels (locally, 150–200 ms) because res-
olution begins to die off before 500 ms, 
leaving typical V-shaped gaps from the 
first-break mute and the drop in CDP 
fold, Figs. 2 and 4.

A 100-lb (45-kg) accelerated weight 
dropper mounted on the back of an 
all-terrain vehicle served as the P-wave 
source. The records were recorded by a 
48-channel roll-along CDP recording 
system using 28-Hz geophones. The re-
ceiver and source spacing was 10 ft (3 m) 
for the P-wave surveys. For the SH-wave 
surveys, a land streamer technique7 was 
used that involves a 12-channel, 14-Hz 
horizontal geophone spread pulled by a 

truck, with a 5-ft (1.5-m) receiver and 
source spacing. This technique utilizes 
gravity coupling of two horizontal geo-
phones mounted opposite each other 
on steel sleds, which cancels the P-waves 
while the two components of the SH-
wave are field-summed. The SH-wave 
source was a 2-lb (1-kg) steel mallet, 
struck against a vertical metal plate.

Data processing involved a routine 
series of steps, the most critical being 
muting of first breaks while allowing re-
flections that may merge with the head 
waves, a common problem in high-reso-
lution seismic data.8 The mute was also 
chosen to eliminate strong surface wave 
contamination, which focused the CDP 
stack on the high-apparent velocity field. 
Refraction static corrections were applied 
with a replacement velocity of 9,000 ft/s 
(2,743 m/s) and an elevation datum of 
5,500 ft (1,676 m) to match those of the 
previously processed 3D seismic data set, 
so that 2D and 3D data can be directly 
compared in travel time. SH-wave data 
processing was similar, except that only 
elevation statics were applied and a mute 
was designed to suppress the effect of 
surface, or Love, waves.7

Using the dipole sonic log for the in-
terval of interest (from the southern sec-
tion of the field) the vp/vs was determined 
to be between 2 and 3. For simplicity, we 
used a ratio of 2, which would give maxi-
mum converted depths for the SH-wave 
seismic profiles. A replacement velocity 
equal to one-half that of the P-wave data 
was used. The SH-wave data are not as 
high quality as the P-wave data, and were 
acquired to test an alternative to shallow 
imaging to be compared with the P-wave 
data. Although migrations of the stacked 
sections were tested, we display the data 
unmigrated because the dips of the re-
flectors were low.

OBSERVATION AND 
INTERPRETATION

Several northeast-striking normal 
faults, part of the S2 fault zone, can be 
mapped from the well data in Section 34 
and cross the 2D seismic profiles, Fig 5. 
Profile 1 crosses the largest fault mapped 
in this part of the field, while smaller 
faults are crossed by Profile 2, Figs. 6 
and 7. Most of these faults were observed 
from the well data to have relatively small 
displacements (less than or equal to 100 
ft (30 m)), Fig. 5. The P-wave and SH-
wave profiles show the most detailed re-
flection images of faults yet observed in 
the shallow subsurface at Teapot Dome, 

Fig. 2. Seismic cross-section extracted 
from the 3D volume diagonally through 
Section 34 showing west-southwest-
vergent basement-cored thrust.

Fig. 3. Travel time “structure” mapped 
from 3D seismic at the Dakota 
Formation level. The faults in the S1 
and S2 faults zones are indicated. The 
southernmost fault strand within the 
south-dipping S2 zone corresponds 
to the fault crossed by our surveys in 
Section 34. Hotter colors represent 
highs and cooler colors represent 
structural lows. Contour interval is 10 
ms. Inset in upper right corner indicates 
general strike directions of faults and 
fractures mapped in outcrop.
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Figs. 6 and 7. The prominent reflection is 
interpreted as arriving from the boundary 
between the Shannon (or an interface just 
above it) and overlying Steele shales, based 
on correlation with well logs and previous 
Shannon picks on the 3D seismic volume. 
Faults imaged here cut through Shannon 
intervals at depths below datum of around 
623 ft (190 m, times are converted to 
depth using the replacement velocity).

Profile 1. The reflectivity on P-wave 
Profile 1 shows a slightly anticlinal ge-
ometry that mimics the shape of deeper 
horizons and structure maps constructed 
from the 3D seismic volume, Fig. 6a. 
However, the details of this geometry are 
not resolvable from the 3D volume or 
the well-based structure contour map.

The Shannon reflection on Profile 1 
is offset by several subtle faults detected 

by lateral coherency changes, reflection 
orientation changes or abrupt offsets. 
Faults with reflectors down-thrown 
mostly to the south (dip directions are 
apparent, in the plane of the section) 
and a northernmost fault having a down-
thrown side apparently to the north are 
observed in Profile 1. The direction of 
throw of the latter fault is difficult to as-
certain since not all of the structure is 
visible along the profile. Furthermore, 
this feature appears near the end of the 
profile, where the CDP fold begins to 
drop and the shallow velocity structure 
derived for static corrections may not be 
well constrained, and so it should be in-
terpreted with less confidence.

The southernmost faults (CDPs 550 
and 570) are the most prominent and 
actually define a zone of faulting, where 
offset is roughly 66 ft (20 m), although 
larger offsets may be permitted by the 
seismic profile. This area appears to 
match the greatest faulting, crossed by 
the profiles, as defined independently 
from structural contouring. The full ex-
tent of the apparent dips cannot be de-
termined from the 2D seismic data alone 
because deeper offsets are not observable. 
The calculated throw of the largest faults 
is more or less consistent with displace-

Fig. 4. Time slices of 3D data at 150 ms (left: near Shannon Sandstone depth) and 
850 ms (right: near Dakota Sandstone depth) showing how CDP coverage dies out in 
shallower formations.

Fig. 5. Structural contour map 
(elevations in ft above sea level) for the 
top of the Shannon Sandstone centered 
over Section 34 (dashed square) of 
Teapot Dome showing faults (red lines) 
and well locations (circles) from which 
the elevations of the Shannon were 
taken.6 P-wave CDPs shown in blue, SH-
wave, P-wave shown in red.

Fig. 6. (a) Unmigrated seismic reflection Profile 1 with interpreted faults. Blue faults 
were mapped from high-resolution seismic data alone. Pink faults are mapped from 
well data. CDP interval for these other high-resolution P-wave profiles is nominally 5 
ft. The dip angle of the fault on the high-resolution data is not well constrained and 
actual dip angles could be higher than drawn. (b) Unmigrated SH-wave seismic Profile 
1 showing denser faulting (black faults) than can be observed on the P-wave profile. 
Blue faults correspond with those mapped on the P-wave profile in Fig. 6a. CDP 
interval for this other high-resolution SH-wave profiles is nominally 2.5 ft.
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ments reported in nearby outcrops and 
inferred from well data.

The first reflectivity on SH-wave 
Profile 1 corresponds with the expected 
time for interfaces above and possibly 
including the uppermost part of the 
Shannon, Fig. 6b. SH-wave reflectivity 
begins at about 200 ms, corresponding 
to 450 ft (137 m), and continues to 675 
ft (206 m), below datum for a replace-
ment velocity of 1,372 m/s (one half of 
the P-wave replacement velocity). The 
reflectivity is complex and cut by more 
disruptions than visible in the P-wave 
version of the profile. This is in part 
because the SH-wave data have higher 
visualization capability from the shorter 
wavelengths. Faults mapped on the P-
wave section are usually expressed on the 
SH-wave section, although they are not 
as clearly defined. Noise contamination 
or aliasing from incompletely suppressed 
Love waves could create spurious offsets. 
The most pronounced offset on the SH-
wave section corresponds to the fault 
zone on the southern half of Profile 1.

Profile 2. On P-wave Profile 2, reflec-
tivity appears at 125 ms, corresponding 
to depth of 563 ft (171 m), Fig. 7a. At 
least four disruptions of the Shannon re-
flector, interpreted as normal faults, were 
observed, most of which can be mapped 
with a southeast dip in the plane of the 
section—assuming normal displace-
ment, as interpreted from the well-log 
data—and have somewhat smaller off-

sets. Most of the faults mapped here are 
less well expressed and have significantly 
smaller offsets than the main fault ob-
served on Profile 1. The wavy character 
of some of the events could be related to 
a poor static correction solution. Most 
of these locations match moderately well 
with locations derived independently 
from correlated well logs.

SH-wave data were acquired only 
along about the first two-thirds of the 
P-wave Profile 2, Fig. 7b. Reflectivity ar-
rives from about the same times as for 
Profile 1. As seen on the SH-wave Profile 
1, this profile suggests a more intricate 
pattern of faulting than would be inter-
preted from the P-wave profile alone.

DISCUSSION
Faults within shallow reservoir strata 

cannot be imaged by conventional 3D 
seismic data, but are detected by high-
resolution seismic methods. For decades, 
surface faults have been mapped in ex-
posed Cretaceous strata surrounding Tea-
pot Dome. Deeper faults are well imaged 
on the conventional seismic data, but the 
persistent question has been: Do they 
propagate upward to the shallow Up-
per Cretaceous formations? On arbitrary 
profiles extracted from the 3D seismic 
volume, chosen to match the position of 
the high-resolution profiles, faults offset-
ting high-quality Dakota and Frontier 
Formation reflectors were extended up-
ward with as little deviation along the 
fault projection as possible.

For Profile 1, the faults that were pre-
viously mapped to be within the S2 fault 
zone from the 3D volume, were extended 
upward through where there is a coher-
ency loss in the seismic data (130–550 
ms), Fig. 8a. One of the faults belonging 
to the S2 zone matches the most promi-
nent fault mapped on Profile 1. This fault 
is also one of the largest faults as defined 
from the correlated well logs. One ma-
jor fault defined from 3D volume may 
also project up to the Shannon on the 
northwestern end of Profile 2, although 
this fault was not independently mapped 
from well data and is drawn with less 
confidence, Fig. 8b.

CONCLUSION
Combined geophysical and geologi-

cal data provide the greatest visual detail 
of shallow reservoir faults and structure 
yet seen at Teapot Dome. Significant im-
provement in the resolution of the 2D 
seismic profiles could be obtained by using 
a higher-frequency source (e.g., explosives 
or guns), although this would increase the 
cost. We infer that several normal faults 
penetrate the Shannon Sandstone in the 
study area. On the basis of well and con-
ventional seismic data, we may conclude 
that they are high-angle faults, which 
would be expected of faults with normal 
displacement, and that they have a north-
east strike, approximately orthogonal to 
the hinge line of Teapot Dome.

Previous outcrop-based studies provide 
a context in which to interpret the results 
of mapping faults from the 2D seismic 
profiles. Cooper et al. observed a set of 
normal dip-slip faults that are perpen-
dicular to the fold axial trace. These faults 
included both southeast and northwest 
dips, which is consistent with our obser-
vations. We thus infer that at least some of 
the faults observed in outcrop could pen-
etrate deeper through Upper Cretaceous 
formations such as the shallow Shannon 
and even further into Paleozoic units.

Faults mapped from well data do not 
always exactly correspond to the loca-
tions from the high-resolution seismic 
data; however, the main S2 fault crossed 
by our profiles matches exactly. Appar-
ent mismatches elsewhere may be ex-
plained by the fact that the wells used in 
the mapping of these faults are hundreds 
of feet or more apart from one another. 
The position and dip of faults mapped 
on the P-wave profiles match in a general 
way with faults that can be interpreted 
on the experimental SH-wave sections, 
although the SH-wave sections are of 

Fig. 7. (a) Unmigrated P-wave reflection profile along Profile 2, showing somewhat 
more deformation compared to Profile 1. Red faults were mapped from well data. 
Blue faults were mapped only from the high-resolution P-wave seismic profile. (b) 
Unmigrated SH-wave seismic profile showing faulting along Profile 2. Blue faults 
correspond with those mapped on P-wave profile in Fig. 7a. Black faults are additional 
possible faults, but are not clearly observed on the P-wave profile.
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poorer quality. These sections neverthe-
less indicate more faults than are map-
able from the P-wave sections. The SH-
wave data show that faults penetrate into 
strata probably shallower than the Shan-
non and thus suggest potential leakage 
pathways near the ground surface.

Using a side-by-side comparison of 
the two seismic data sets shows how 3D 
coverage vanishes upward, and how only 
high-resolution profiles can be used to 
view the shallow Shannon reservoir, Fig. 
9. Our observation of deeper faults being 
connected to faults cutting the Shannon 
is critical because previous fault models of 
Teapot Dome could not associate deeper 
faults with faults mapped from well data 

in shallow reservoirs. 
Although in our 
study area, only two 
of these faults show 
a large offset and 
an observable con-
nection with deeper 
penetration into the 
3D volume, we sus-
pect shallow faults 
elsewhere could 
be associated with 
deeper faults. Thus, 
high-resolution seis-
mic techniques po-
tentially clarify both 
structural deforma-
tion and shallow res-
ervoir partitioning. 
Knowledge of the 
location of shallow, 
small-offset faults, 
ordinarily consid-

ered “sub-seismic,” would be significant 
determinants in choosing formations for 
carbon sequestration or enhanced oil re-
covery projects. WO
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Fig. 8. (a) An arbitrary seismic profile through the 3D volume 
matching high-resolution P-wave Profile 1 and continuing to 
the southeast. A fault within the S2 fault zone can be drawn 
through the Frontier and Dakota horizons, and is projected 
up to the level of the Shannon interval. Loss of coherency in 
the data begins at about 550 ms. The fault line drawn to the 
level of the Shannon appears in the high-resolution P-wave 
profile (largest fault, Fig. 7a). (b) An arbitrary seismic profile 
through the 3D volume matching high-resolution P-wave 
seismic Profile 2. The fault, which is interpreted to correspond 
to the northwestern-most fault (Fig. 7b) crossed by Profile 2, is 
projected up to the level of the Shannon interval.

Fig. 9. Comparison of the resolution of 3D and high-resolution 
2D seismic data at shallow intervals using a portion of the 
high-resolution P-wave Profile 1 and a contiguous portion 
of crossline 228 from the Teapot Dome 3D seismic volume 
shown at the same scale with identical data and replacement 
velocities.
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